 RESEARCH AND PRACTICE  Objective. We sought to examine the relation between physical activity and incident hypertension in young adults over 15 years of follow-up in the Coronary Artery Risk Development in Young Adults study.
The CARDIA study is an ongoing, multicenter, longitudinal investigation of the evolution of coronary heart disease risk factors during young adulthood. Participants were recruited at random from community areas of Birmingham, Ala; Chicago, Ill; and Minneapolis, Minn; and from the Kaiser-Permanente health plan in Oakland, Calif. In 1985 to 1986, 5115 participants were recruited and balanced by gender, race (Black, White), education (high-school graduate or less, greater than high school), and age (18-24 years old, 25-30 years old). Other eligibility criteria included permanent residence in the target area and freedom from both chronic disease and disability at baseline. Further details of the recruitment strategy and baseline characteristics have been described elsewhere. [17] [18] [19] Six examinations of the cohort were made: baseline (1985) (1986) ) and 2, 5, 7, 10, and 15 years later, with retention of 91%, 86%, 81%, 79%, and 74% of the cohort, respectively. The Coordinating Center and the CARDIA Quality Control Committee monitored quality of data collection. Analyses to estimate incidence of hypertension were based on 3993 men and women. The exclusions were 146 people who had hypertension at baseline, 789 people who had missing blood pressure data at more than 2 follow-up exams, and 333 people who were missing data for any other covariates. In addition, if a woman self-reported pregnancy at a specific examination, her blood pressure and physical activity data for that examination were not included (n = 21 excluded observations). In general, there were small differences between CARDIA participants included in these analyses and those excluded. Participants included in these analyses were less likely to be Black (50.0% vs 64.2% of excluded; P < .001), reported more years of education (mean of 14.6 years vs 13.9 years among excluded; P < .001), reported lower prevalence of smoking (28.8% vs 36.6% of excluded; P < .001), had lower body mass index (BMI; mean of 24 1 Hypertension is a complex disorder with many genetic and environmental causes. A number of lifestyle factors, such as physical inactivity, contribute to increases in the incidence of hypertension. [2] [3] [4] In addition to its direct relationship with hypertension, physical inactivity has an indirect association with the development of hypertension through its association with risk factors such as obesity, insulin resistance, and hyperinsulinemia. [5] [6] [7] [8] [9] In middle-aged and older adults, it is well accepted that physical activity is associated with reduced risk for the development of hypertension. 4, [10] [11] [12] It has been observed that aerobic exercise training from 3 to 5 times per week for 30 to 60 minutes per session at moderate intensity lowered blood pressure in both normotensive and hypertensive adults, although the reduction was greater in the hypertensives. 12 Among children and adolescents, no association between physical activity and blood pressure has been observed among normotensives, and small reductions in blood pressure have been noted among hypertensives. 13, 14 Therefore, the age at which physical activity begins to exert a preventive effect with regard to incident hypertension is not known. Few studies have investigated the association between physical activity and blood pressure in women, Blacks, and young adults. 15, 16 A study of young adults is particularly important because young adulthood is characterized by important changes in physical activity, weight, and other factors linked with hypertension. We hypothesized that young adults followed for 15 years in the Coronary Artery Risk Development in Young Adults (CARDIA) study who were more physically active would be less likely to experience incident hypertension than would those who were less physically active. 
Blood Pressure Measurements
Blood pressure was measured at each examination on the right arm with a Hawksley random-zero sphygmomanometer (W. A. Baum Co, Copiague, NY) after a 5-minute seated rest. Three measurements were taken at 1-minute intervals, with systolic and diastolic pressures recorded at Phase I and Phase V Korotkoff sounds. The average of the second and third measurements was used for analysis. Before each examination, participants were asked to fast for at least 12 hours and not to smoke or engage in heavy physical activity for at least 2 hours prior to the examination.
Endpoint Definitions
Incident hypertension was defined as first occurrence at any follow-up examination of systolic blood pressure 140 mm Hg or higher or diastolic blood pressure 90 mm Hg or higher or of the person taking antihypertensive medication. The hypertension endpoint is based on blood pressure cutpoints used in the seventh report of the Joint National Committee on Detection, Evaluation, and Treatment of High Blood Pressure. 20 In addition, standardized questionnaires were used to collect self-report of a medical diagnosis of hypertension and of blood pressure medication use at each examination.
Assessment of Physical Activity
At each of the 6 exams, leisure-time physical activity was assessed with the CARDIA Physical Activity History Questionnaire, 21 an interviewer-administered self-report of frequency of participation in each of 13 categories of sports and exercise during the previous 12 months. "X" varied from 2 through 5. An intensity score was assigned to each activity. 22 The exercise score was computed by multiplying the sum of months of infrequent activity plus 3 times the months of frequent activity by intensity of the activity, and summing over all activities; the score was expressed in "exercise units" (EU 
Other Covariates
Age was determined by self-reported birthdate at the baseline examination and confirmed at the second examination. Some of the younger participants were still in school at baseline; therefore, educational status was modeled as the highest self-reported number of years of schooling completed at any of the exams to better capture the ultimate years of education attained. Baseline self-reported number of alcoholic beverages (beer, wine, and liquor) consumed per day in a typical week was used to calculate alcohol consumed (mL per day). Smoking status was modeled as a categorical variable based on self-report at baseline with 3 possible categories (current smoker, former smoker, and never smoker). Body weight with light clothing was measured at baseline to the nearest 0.5 pound with a Detecto balance beam scale, model 439 (Detecto, Webb City, Mo), and baseline height was measured without shoes to the nearest 0.5 cm with a vertically mounted centimeter ruler and metal carpenter's square. Body mass index was calculated as weight in kilograms divided by height in meters squared (kg/m 2 ). Waist circumference was measured midway between the iliac crest and the bottom of the ribcage to the nearest 0.5 cm.
Fasting insulin was measured during the baseline examination by a modification of the immunoassay techniques of Herbert et al. 24 Fasting insulin was log transformed because of skewed distribution.
Statistical Analyses
All statistical analyses were performed with SAS version 8.2 (SAS Institute Inc, Cary, NC). Means and standard deviations were computed for all descriptive characteristics and differences across race. Gender categories were assessed using the F test with 3 numerator degrees of freedom and a significance level of .05. Hazard rate ratios (RR) and 95% confidence intervals (CI) that predicted the first occurrence of incident hypertension were calculated with proportional hazards life table regression models. In these analyses, study participants lost to follow-up were censored at the last time point available. To account for changes in physical activity and to increase precision and validity, mean physical activity was computed by updating the measure of physical activity as the mean physical activity at all available prior exams. For example, through year 2, baseline physical activity was used; through year 5, physical activity was updated to the mean of baseline and year-2 measurements; through year 7, physical activity was updated to the mean of baseline, year-2, and year-5 measurements; and so on. In addition, change in physical activity was computed as the most recent measure of physical activity minus the average of all previous measures.
We developed 3 sets of models. The first set estimated the hazard rate ratio adjusted for study center and age, race, and gender (model A). A second set of models included additional variables that were observed to be significant predictors or were known confounders in the relationship of physical activity and hypertension (model B); these included education and family history of high blood pressure. Finally, model C added Notes. SD=standard deviation; CARDIA=Coronary Artery Risk Development in Young Adults.Those with systolic pressure≥140 mm Hg or diastolic pressure≥90 mm Hg or who were taking antihypertensive medications at baseline were excluded. In addition, those who missed 2 or more exams were excluded. a Baseline physical activity expressed in exercise units. Exercise score expressed in exercise units (frequency and intensity of exercise over the past year). For reference, 300 EU roughly approximates 5 sessions of 1260 kJ (300 kcal) of energy expenditure weekly.
variables that were hypothesized to be on the causal pathway-baseline waist circumference and baseline fasting insulin. Effect modification by race and gender was assessed using multiplicative interaction terms that had a significance level less than .10.
RESULTS
In general, demographic and other characteristics at baseline differed across race and gender groups (Table 1) , including baseline blood pressure. Men had higher blood pressure than did women. Baseline physical activity level was highest in men, followed by White women, and then Black women. Race-gender differences in the distributions of several covariates are also given in Table 1.  Table 2 shows mean physical activity and standard deviation at each examination in CARDIA over 15 years of follow-up. In general, mean physical activity appeared to go down over follow-up regardless of race or gender. (An additional table that shows changes in physical activity over 15 years of follow-up stratified by the median of baseline physical activity is available as a supplement to the online version of this article. For each race and gender group, those who were below the median physical activity at baseline had a slight mean increase, whereas those who were above the median at baseline had a mean decrease.) Figure 1 shows the number of cases of the dependent variable (incident hypertension over 15 years of follow-up) for each race and gender group; incidence rates were highest in Blacks and lowest in White women.
Hazard rate ratios and 95% CIs for the prediction of incident hypertension from average physical activity are shown in Table 3 . An adjustment for study center, race, gender, and age (model A) gave a hazard rate ratio of 0.81 (95% CI = 0.72, 0.91). After adjustment for potential confounders was added, namely education and family history of high blood pressure (model B), a statistically significant reduction in risk of incident hypertension remained (RR for average physical activity = 0.83; 95% CI = 0.73, 0.93). Potential mediators were evaluated by the addition of baseline fasting insulin and waist circumference to the model (model C). There was attenuation of the relationship between average physical activity and incident hypertension in model C (RR = 0.85; 95% CI = 0.76, 0.96); the findings from model C suggest that fasting insulin and adiposity may be on the causal pathway that links physical activity and incident hypertension. We examined several other possible covariates, including 2 baseline behaviors that may be correlated with average physical activity (alcohol use and smoking status) and several other possible mediators (baseline body mass index, ln(triglycerides), and high-density lipid cholesterol); these variables were neither significant when added to model C, nor did they alter the magnitude or statistical significance of the average physical activity coefficient (data not shown).
Hazard rate ratios and 95% CIs for the prediction of incident hypertension from change in physical activity are also shown in Table 3 . An adjustment for study center, race, gender, and age in the association of change in physical activity and incident hypertension (model A) gave a hazard rate ratio of 0.89 (95% CI = 0.79, 0.99). The hazard rate ratio was unchanged after adjustment for potential confounders and mediators of the relationship. There was little evidence for effect modification of the association of average physical activity and incident hypertension by race or gender. The race-gender-specific estimates in Table 3 were similar to those for the entire cohort, except that the association was attenuated in all groups except for the Black men and completely attenuated after adjustment for confounders in White women. We noted that CIs were widest among White women, perhaps because of the rarity of incident hypertension in this group. In further sensitivity analyses (data not shown), findings were similar if a high normal blood pressure cutpoint of 130 mm Hg systolic or 85 mm Hg diastolic was substituted for the cutpoint of 140 mm Hg systolic or 90 mm Hg diastolic used elsewhere in this article. We also tested for statistical interaction of physical activity and overweight status (BMI < 25 kg/m 2 or ≥ 25 kg/m 2 ) in association with incident hypertension and for statistical interaction or physical activity and baseline systolic blood pressure (< 130 mm Hg or ≥ 130 mm Hg) in the association with incident hypertension. No statistical interaction was observed.
DISCUSSION
After we adjusted for age, study center, education, and family history of hypertension, we observed a modest, statistically significant 17% reduction of risk of incident hypertension per 300-EU increment in average physical activity and an 11% reduction risk per 300-EU increase in physical activity among young adults in the CARDIA study. The association between average physical activity and incident hypertension was attenuated (15% reduction of risk) but remained marginally significant after adjustment for physiological variables that may mediate the association. This attenuation suggests that physical activity may be linked to incident hypertension in part through its influence on fasting insulin and waist circumference. The association between change in physical activity and incident hypertension was unchanged after confounders and mediators were added to the models. There was no significant race-gender interaction. The associations were consistent although not statistically significant across race-gender groups, with the exception of Black men.
We also observed changes in physical activity over 15 years of follow-up. For each race-gender group, those who were below the median for physical activity at baseline had a slight increase, whereas those who were above the median at baseline had a decrease (data shown in a table available as a supplement to the online version of this article); these findings are congruent to those reported by Anderssen et al. 25 Regular physical activity has been reported to lower blood pressure in adults with hypertension. showed that exercise and weight loss can reduce blood pressure in hypertensive middle-aged men. 9 These findings suggest that habitual exercise can reduce blood pressure in both hypertensive and normotensive middle-aged and older adults. Physical activity has consistently been shown to reduce the risk of incident hypertension in adults in observational studies. 2, 3, 9, 15, [27] [28] [29] [30] [31] [32] [33] It has previously been shown that regular physical activity reduced the odds of hypertension in normotensive middle-aged White men 2, 28, 29, 32 and in older women. 33 In a longitudinal study, Pereira et activity reduced the odds of hypertension in middle-aged White men in the highest quartiles of physical activity. 2 Reaven et al. observed lower rates of incident hypertension among predominantly White older women who reported more physical activity. 33 In the Harvard Alumni Study, Paffenbarger et al.
showed that men who habitually engaged in sports activity had a 19% to 29% lower risk for development of incident hypertension. 32, 34 Furthermore, several studies have shown a relationship between regular physical activity and lowered systolic or diastolic blood pressures. Folsom et al. showed a significant association with leisure-time physical activity and heart disease risk factors, including systolic blood pressure, among a representative sample of adult men and women in the Minnesota Heart Survey. 29 The benefits of habitual physical activity include improved fitness. A recent report from the CARDIA study showed that those with better physical fitness as assessed by a treadmill test had lower risk of hypertension, in general agreement with our findings and the literature. 35 Physical activity may assist in weight loss or a reduction in visceral fat, 33 which could ultimately reduce blood pressure by mechanisms that reduce the risk of obesity. In this sense, waist circumference, a measure of adiposity, 6 may be on the causal pathway that links physical activity to blood pressure. In our study, adjustment for waist circumference and fasting insulin moderately attenuated the relationship between physical activity and blood pressure. Increased physical activity tends to reduce adiposity 6, 8 ; the consistent observation that obesity is positively associated with blood pressure and the development of hypertension 9, 11, 30, 34, [36] [37] [38] [39] supports the validity of the current findings. In the Framingham Offspring Study, body fatness stood out as a modifiable contributor to hypertension. 30 Other studies have found a significant increased risk of incident hypertension among those with a high waist circumference. 15, [37] [38] [39] It may be that a combination of body fatness and low activity level increases the risk of hypertension. Physical inactivity and obesity have been associated indirectly with the development of hypertension through their associations with risk factors such as insulin resistance and hyperinsulinemia. [5] [6] [7] [8] [9] Insulin and insulin resistance have been shown to be associated with hypertension. 5, 15, 40 A number of possible mechanisms have been proposed to explain this association. 41 Excess insulin may play a role in the development of hypertension through the effects of insulin on the retention of sodium, expansion of blood volume, production of excess norepinephrine, and smooth muscle proliferation. 41 These changes impact the primary determinants of blood pressure, including cardiac output, peripheral vascular resistance, and sympathetic nervous system activity. 2, 42 Further, these insulin-related physiological changes become more prevalent with age, 43 thus suggesting that a combination of physical inactivity and age-associated physiological changes are integral to the development of hypertension.
Strengths and Limitations
Few studies have looked at associations between physical activity and incident hypertension in young adults with comparable followup time. Previously, Dyer et al. 15 observed an inverse but statistically insignificant association in all race-gender groups between baseline physical activity and incident high-normal blood pressure (systolic 130 mm Hg or diastolic 85 mm Hg) over 10 years of follow-up in the CARDIA cohort. The analyses presented here used the physical activity data from 4 or more exams to compute a mean physical activity level over the 15-year follow-up period, as well as changes in physical activity over time. Quantification of the relationship between physical activity and blood pressure presented some measurement challenges. For example, it is possible that the results presented here were influenced by the limitations of selfreported physical activity measures in general or more specific limitations of the CARDIA Physical Activity History Questionnaire. Selfreported physical activity data are subject to recall bias. Furthermore, the CARDIA Physical Activity History Questionnaire focused almost exclusively on leisure-time physical activity (there was 1 question about heavy lifting at work). Possibly, the measurement of multiple domains of physical activity (e.g., household chores, transportation, self-care, occupation) would better explain the hypothesized association of physical activity with incident hypertension. Domains of physical activity other than leisure time may be important, as suggested by the finding that mortality was not reduced for higher physical activity in women if only leisure activity was considered but was reduced if nonleisure physical activities were also considered. 44 Despite the weaknesses of self-reported physical activity data, the unique features of the CARDIA study offered many advantages. Specifically, the long follow-up period, the large cohort, the repeated examinations, 41 the standardized questionnaire, and the population-based sample of relatively young Black and White men and women of the CARDIA study provided a unique opportunity to examine the combined impact of aging and physical inactivity on incident hypertension.
Conclusions
We observed a statistically significant inverse association of physical activity and incident hypertension in young adults. The association remained after adjustment for age, race, gender, and education, as well as for waist circumference and other physiological variables that may be mediators of the relationship. The results of this study are congruent with lifestyle modifications recommended by the Joint National Committee on Prevention, Protection, Evaluation, and Treatment of High Blood Pressure, 20 which indicates that physical activity merits attention in the prevention of hypertension in Black and White men and women even when they are young adults.
